ABSTRACT
INTRODUCTION
In many industrial production lines, process operations require pure translation movements only. Therefore, the 3-DOF translational parallel mechanism (TPM) has a significant potential value due to its small number of actuated components, relatively simple structure and easily to be controlled.
Many scholars have being studied the TPM. For example, original design of 3-DOF TPM is the Delta Robot which was presented by Clavel [1] . The Delta-based structure manipulators of TPM have been developed [2] [3] [4] . Tsai et al [5, 6] presented the 3-DOF TPM, the moving actuators of which are prismatic joints and the sub-chain is 4R parallelogram mechanism (P is prismatic joint and R is revolute joint). In [7, 8] , the authors suggested a 3-RRC TPM and developed the kinematics and workspace analysis (C is cylindrical joint). Kong et al [9] proposed a 3-CRR mechanism with good motion performance and no obvious singular position. Li et al [10, 11] developed a 3-UPU PM (U is universal joint) and analyzed the instantaneous kinematics performance of the TPM. Yu et al [12] carried out a comprehensive analysis of the three-dimensional TPM configuration based on the screw theory. Lu et al [13] proposed a 3-RRRP (4R) three-translation PM and analyzed the kinematics and workspace. Yang et al [14] [15] [16] [17] based on the single opened chains (SOC) units theory to synthesize the 3T0R PM, a variety of new TPMs were synthesized and then classified, Considering the anisotropy of kinematics, Zhao et al [18] analyzed the dimension synthesis and kinematics of the 3-DOF TPM based on the Delta PM. Zeng et al [19] [20] [21] introduced a 3-DOF TPM called as Tri-pyramid robot and presented a more detailed analytical approach for the Jacobi matrix. Prause et al [22] compared the characteristics of dimensional synthesis, boundary conditions and workspace for various 3-DOF TPM for the better performance. Mahmood et al [23] proposed a 3-DOF 3-[P2(US) mechanism and analyzed its kinematics and dexterity.
However, the most previous TPMs generally suffer from two major problems: i) the degree of coupling κ of these PMs is greater than zero, which means its direct position solution is generally not analytical, and ii) these PMs do not have inputoutput decoupling characteristics [24] , which leads to the complexity of motion control and path planning.
According to topology design theory of PM based on position and orientation characteristics (POC) equations [15, 18] , a new TPM is proposed in this paper. The TPM is designed with simple structure and features one coupling degree, it consists of prismatic and revolute joints, and has analytical direct position solutions and partial motion decoupling property. The position solutions, singularity, workspace and its internal singularity of the PM are analyzed.
DESIGN AND TOPOLOGY ANALYSIS

Topological design
The 3T parallel manipulator proposed in this paper is illustrated in Fig. 1 . The base platform 0 is connected to the moving platform 1 by two hybrid chains that contain looped Simple-Opened-Chains. Such hybrid chains are called HSOCs, their structural and geometric constraints are as follows:
FIGURE 1 KINEMATIC STRUCTURE OF THE 3T PM
(1) For the 6-bar planar mechanism loop (abbreviation: 2P4R planar mechanism) in right side of Fig. 1 , two revolute joints R 3 and R 4 whose axes are parallel to each other are connected in series, where R 3 is connected to link 11 and R 4 is connected to the moving platform 1 to obtain the first HSOC branch (denoted as: hybrid chain I). Two prismatic joints P 1 and P 2 will be used to be actuated.
(2) The left side branch is made up of a prismatic joint P 3 and two 4R parallelogram mechanisms connected in series, and the parallelograms connected from P 3 to the moving platform 1 are respectively recorded as ①, ②, after P 3 and the parallelogram ① are rigidly connected in the same plane, they are connected to the parallelogram ② in their orthogonal plane to obtain the second HSOC branch (denoted as: hybrid chainⅡ).
(3) The prismatic joints P 1 , P 2 and P 3 are connected to the base platform 0; P 1 and P 2 are arranged coaxially, and prismatic P 1 is parallel to P 2 . When the PM is moving, the 2P4R planar mechanism is always parallel to the plane of the parallelogram ①.
Analysis of topology characteristics
Analysis of the POC set
The POC set equations for serial and parallel mechanisms are expressed respectively as follows:
Obviously, the output motion of the intermediate link 11 of the 2P4R planar mechanism on the hybrid chain I is two translations and one rotation (2T1R). The output motion of the link S of the parallelogram ① on the hybrid chain II is two translations (2T), and the output motion of the link T of the parallelogram ② is three translations (3T). Therefore, the topological architecture of the hybrid chain I and II of the PM can be equivalently denoted as, respectively:
The POC sets of the end of the two HSOC S are determined according to Eqs. (1) and (2) as follows: 
This formula indicates that the moving platform 1 of the PM produces three translations motion. It is further known that the hybrid chain II in the mechanism itself can realize the design requirement of three translations, which simultaneously constrains the two rotational outputs of the hybrid chain I.
Determining the DOF
The general and full-cycle DOF formula for PMs proposed in author's work [16] is given below:
where F -DOF of PM. -POC set generated by the sub-PM formed by the former j branches.
( 1) bj M  -POC set generated by the end link of j+1 sub-chains.
The PM can be decomposed into two independent loops, and their constraint equations are calculated as follows:
① The first independent loop is consisted of the 2P4R planar mechanism in the hybrid chain I, the LOOP 1 is deduced as:
② The above 2P4R planar mechanism and the following substring 4 
|| R R
plus HSOC 2 will form the second independent loop, that is
In accordance with Eq.(4), the independent displacement equation number 2 L  of the second loop can be obtained as follows: 
Thus, the DOF of the PM is calculated from Eq. (3) as
Therefore, the DOF of the PM is 3, and when the prismatic joints P 1 , P 2 and P 3 on the base platform 0 are the actuated joints, the moving platform 1 can realize 3-translational motion outputs.
Determining the coupling degree
According to the composition principle of mechanism based on single-opened-chains (SOC) units, any PM can be decomposed into a series of Assur kinematics chains (AKC), and an AKC with v independent loops can be decomposed into v SOC. The constraint of the j th SOC is defined [16, 17] by The physical meaning of the coupling degree κ can be explained in this way. The coupling degree κ reflects the correlation and dependence between kinematic variables of each independent loop of the mechanism. It has been proved that the higher κ, the greater the complexity of the kinematic and dynamic solutions of the mechanism will be.
The independent displacement equations of LOOP 1 and LOOP 2 have been calculated in the previous section Determining the DOF, i.e.,
, thus, the degree of constraint of the two independent loops are calculated by Eq. (5), respectively, can be obtained as follows:
The coupling degrees of the AKC is calculated by Eq. (6) as
Thus, the PM contains only one AKC, and its coupling degrees equals to 1. Therefore, when solving the direct position solutions of the PM, it is necessary to set only one virtual variable in the loop whose degree of constraint is positive ) 0 (   , i.e., The motion of the link 11 is always parallel to the base platform 0, from which the virtual variable is easily obtained, and there is no need to solve the virtual variable by one-dimensional search method. Therefore, the analytical direct position solutions of the PM can be directly obtained in the following section, which greatly simplifies the process of the direct solutions. This method of solving the direct solutions of the virtual variable directly by special geometric constraints is of general.
POSITION ANALYSIS
The coordinate system and parameterization
The kinematics modeling of the PM is shown in Fig. 2 
The coordinates of points A 1 , A 2 and A 3 on the base platform 0 are respectively
The coordinates of each end-point of the three same actuated links 2, i.e., B 1 , B 2 and B 3 are easily calculated as Therefore, the coordinates of points C 1 and C 2 are calculated as Thus, the second loop with negative degree of constraint acts on the special geometric constraint Eq. (7) on the first loop with positive degree of constraint, which is the key to directly finding the analytical solutions of the virtual variable  . This is an advantage for easy obtaining the analytical direct solutions from the topological constraint analysis of the PM. Further, the coordinates of points F 3 , E 3 , D 3 and C 3 are represented by the coordinates of point O' defined as: 
） Solving the second loop with negative degree of constraint
where , sin I.e., the PM has partial input-output motion decoupling, which is advantageous for trajectory planning and motion control of the moving platform.
For the convenience of understanding, the above calculation process can be described by 
FIGURE 3 FLOW CHART OF DIRECT POSITION SOLUTIONS
It can be seen that the geometric constraint Eqs. (7), (15) and (16) are the key to find the analytical formula of the first and second loop position equations of the PM.
Inverse kinematics
To solve the inverse kinematics, we compute the values of For a given position of the moving platform, from Eqs. (10) and (16), the angles  and  are calculated as
Further, the coordinates of points C 1 and C 2 are defined as:
In addition, the coordinates of point C 3 have been given by Eq. (11). Therefore, due to the link length constraints defined by 
Numerical valuation for direct and inverse solutions
Direct solutions
The dimension parameters of the PM are (unit: mm): Table 2 .
FIGURE 4 3D CAD DESIGN
From Eqs. (18) and (19) , there are theoretically 32 inverse solutions, but for this example, 24 solutions belong to the virtual number solutions, which does not exist for the real robot. Therefore only 8 numerical solutions exist. It can be seen that the inverse solutions data of the No. 4 group in Table 2 is consistent with the three input values given when the direct solution is solved, which proves the correctness of the direct and inverse solutions. (  cot   3  3  3  3  3  3   33  32 Example: The 3D configuration of satisfying condition W 3 is shown in Fig. 5 .
SINGULARITY ANALYSIS
Method of singularity analysis
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FIGURE 5 EXAMPLE OF SERIAL SINGULARITY CONFIGURATION
(2) Parallel singularity: When the PM has parallel singularity, it means that each branch is close to the link of the moving platform in a state of being folded together or fully deployed. At this movement, the DOF of the moving platform is increased, and even if the input link is locked, there may be has DOF output on the moving platform, assuming: 
FIGURE 9 DIFFERENT X-Y CROSS-SECTIONS IN THE WORKSPACE
CONCLUSIONS
The new 3-translational (3T) PM proposed in this paper has three advantages: (1) it is only composed of three actuated prismatic joints and other passive revolute joints, which is easy to be manufactured and assembled; (2) it has analytical direct position solutions, which brings the great convenience to error analysis, dimensional synthesis, stiffness and dynamics research; and (3) it has partial input-output motion decoupling, which is very beneficial to the trajectory planning and motion control of the PM.
According to the kinematics modeling principle proposed by the author based on the single-opened-chains method, in the first loop with positive constraint, the set one virtual variable  can be directly obtained by the special geometric constraint condition that the output link of the first loop always maintains the horizontal position (the condition is provided by the second loop with negative constraint). Therefore, the entire analytical position solutions are obtained without solving the virtual variable  by the geometric constraint equation in the second loop with negative constraint. This is the advantage of the topology of the PM being different from other PM, and it has analytical direct solutions. The method has clear physical meaning and simple calculation.
Based on the inverse solution, the conditions and locations of the three types of singularity configurations of the PM are obtained, and the size of the workspace of the PM and its parallel singularity area are given. The work of this paper lays the foundation for the stiffness, trajectory planning, motion control, dynamics analysis and prototype design of the PM.
